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The glow d ischarge e n e r g i z i n g  f a v o r a b l y  mod i f i es  
and c o n t r o l s  t h e  c o a t i n g / s u b s t r a t e  adherence and t h e  
n u c l e a t i o n  and growth sequence o f  i o n  p l a t e d  g o l d  
f i l m s .  A s  a r e s u l t  t h e  adherence. coherence, i n t e r n a l  
s t resses ,  and morphology o f  t h e  f i l m s  a r e  s i g n i f l c a n t l y  
improved. Gold i o n  p l a t e d  f i l m s  because o f  t h e i r  
graded c o a t i n g / s u b s t r a t e  i n t e r f a c e  and f i n e  u n i f o r m  
dense ly  packed m i c r o s t r u c t u r e  n o t  o n l y  improve t h e  
t r i b o l o g i c a l  p r o p e r t i e s  b u t  a l s o  induce a su r face  
s t reng then ing  e f f e c t  which improves t h e  mechanical 
p r o p e r t i e s  such as y i e l d ,  t e n s i l e ,  and f a t i g u e  
s t reng ths .  Consequently s i g n i f i c a n t  improvements i n  
t h e  t r i b o l o g i c a l  performance o f  i o n  p l a t e d  g o l d  f i l m s  
as compared t o  vapor depos i ted  g o l d  f i l m s  a r e  shown i n  
terms o f  decreased f r i c t i o n / w e a r  and pro longed endur- 
ance l i f e .  
I n t r o d u c t l o n  
I o n  p l a t i n g  i s  an i o n  a s s i s t e d  o r  glow d ischarge 
d e p o s i t i o n  techn ique which o f f e r s  g r e a t  f l e x i b i l i t y  i n  
t a i l o r i n g  t h e  coa t ing -su r face  p r o p e r t i e s  which a r e  
independent o f  t h e  b u l k  p r o p e r t i e s .  I t  I s  w e l l  es tab-  
l i s h e d  t h a t  t h e  p r o p e r t i e s  o f  t h e  sur face-subsur face  
i n f l u e n c e  t h e  performance o f  m a t e r i a l s  which a r e  used 
i n  t e c h n o l o g i c a l  a p p l i c a t i o n s  th rough processes such 
as f r i c t i o n .  wear, co r ros ion ,  e ros ion ,  f a t i g u e ,  e lec -  
t r i c a l ,  and thermal  con tac ts  which a r e  a l l  b a s i c a l l y  
su r face  i n i t i a t e d  and lead  t o  f a i l u r e s .  
Th in  i o n  p l a t e d  s o f t  m e t a l l i c  l u b r i c a t i n g  f i l m s  
such as go ld ,  s i l v e r ,  and lead  have shown major 
Improvements i n  t r i b o l o g i c a l  performance over f i l m s  
depos i ted  by t h e  o t h e r  d e p o s i t i o n  techn iques .  I o n  
p l a t e d  g o l d  f i l m s  reduce f r i c t i o n  and/or wear on s l i d -  
i n g  o r  r o t a t i n g  sur faces ,  and a r e  f i n d i n g  inc reased 
a p p l i c a t i o n s  I n  areas where combina t ion  o f  h i g h  vacuum, 
h i g h  temperature,  and r a d i a t i o n  p rec lude  t h e  use o f  
conven t iona l  l u b r i c a n t s  such as o i l s  and greases. 
These s o f t  f i l m s  c o n f i n e  f r i c t i o n  losses  t o  a t h i n ,  low 
shear s t r e n g t h  f i l m  i n te rposed  between t h e  c o n t a c t i n g  
sur faces .  Gold i o n  p l a t e d  f i l m s  a r e  w ide ly  used i n  
spaceborn bear ings  o f  va r ious  s a t e l l i t e  mechanisms such 
as s o l a r  d r i v e s ,  de-sp in  assembl ies and gimbals o r  
under adverse env i ronmenta l  c o n d i t i o n s  o f  h i g h  vacuum, 
h i g h  temperature,  and r a d i a t i o n .  These I o n  p l a t e d  
f i l m s  d i s p l a y  reduced c o e f f i c i e n t  o f  f r i c t l o n ,  reduced 
wear and an extended endurance l i f e ,  and a l s o  a l t e r  t h e  
mode o f  d e b r i s  genera t i on  and reduce to rque  no ise .  
i s  e f f e c t i v e  f o r  wear r e d u c t i o n  when adhesive wear 
predominates,  b u t  i s  o f  l i t t l e  va lue  i n  ab ras i ve  wear, 
t h e r e f o r e  t h e  most impor tan t  requ i rement  i s  s t r o n g  
adherence. I o n  p l a t e d  m e t a l l i c  f i l m s  have excep t ion -  
a l l y  s t r o n g  adherence which i s  a t t r i b u t e d  t o  a graded 
f i l m / s u b s t r a t e  i n t e r f a c e ,  rega rd less  o f  f l l m / s u b s t r a t e  
c o m p a t i b i l i t y  ( s o l i d  s o l u b i l i t y ) .  
The o b j e c t i v e  o f  t h i s  paper i s  t o  d i scuss  and 
c h a r a c t e r i z e  t h e  unique p r o p e r t i e s  o f  i o n  p l a t e d  g o l d  
f i l m s  i n  terms o f  adhesion, cohesion, m i c r o s t r u c t u r e .  
i n t e r n a l  s t resses ,  morphology, f i l m  th i ckness ,  and 
hardness as i t  a f f e c t s  t h e  t r i b o l o g i c a l  performance 
th rough e f f e c t i v e  l u b r i c a t i o n .  
B a s i c a l l y ,  t h i n ,  s o f t  m e t a l l i c  f i l m  l u b r i c a t i o n  
I o n  P l a t i n g  Process 
I o n  p l a t l n g  I s  an i o n  a s s i s t e d  o r  g low d ischarge 
d e p o s i t i o n  technique, I n  which i o n s  o r  ene rge t i c  atoms 
t r a n s f e r  energy, momentum, and charge t o  t h e  s u b s t r a t e  
and where t h e  f i l m  grows I n  a manner which can be con- 
t r o l l e d  f a v o r a b l y  t o  mod i f y  sur face ,  subsurface chem- 
i s t r y  and m i c r o s t r u c t u r e .  Dur ing  i o n  p l a t i n g  t h e  
e n e r g i z i n g  i s  p rov ided  by t h e  gas d ischarge and i n  
p r i n c i p l e  i t  combines ( 1 )  t h e  energe t i c  impingement of  
i ons  and a c t i v a t e d  atoms o f  t h e  s p u t t e r i n g  process, 
( 2 )  t h e  h i g h  th row ing  power o f  e l e c t r o p l a t i n g  and ( 3 )  
t h e  h i g h  d e p o s i t i o n  r a t e s  o f  thermal  evapora t i on .  The 
impingement o f  t h e  i ons  and n e u t r a l s  c o n t r i b u t e s  t o  
t h e  e x c e l l e n t  adherence and m o d i f i e d  s t r u c t u r a l  growth 
o f  t h e  f i l m .  The h i g h  th row ing  power p rov ides  f o r  
th ree-d imens iona l  coverage t o  coa t  complex, i n t r i c a t e  
sur faces .  The bas i c  I o n  p l a t i n g  system c o n s i s t s  of a 
dc-diode c o n f i g u r a t i o n .  where t h e  specimen t o  be coated 
i s  made t h e  cathode o f  t h e  h i g h  v o l t a g e  d c - c i r c u i t  and 
t h e  evapora t i on  source t h e  anode. Th is  i s  shown sche- 
m a t i c a l l y  and p h o t o g r a p h i c a l l y  I n  F i g .  1 .  The p r l n c i -  
p l e s  and o p e r a t i o n  o f  t h e  process have been w ide ly  
descr ibed I n  t h e  l i t e r a t u r e  [ l - 6 1  and w i l l  n o t  be 
reviewed here.  
Typ ica l  used commercial i o n  p l a t i n g  c o n d i t i o n s  
a re :  vo l tage  3 t o  5 kV, argon pressure  20 m t o r r  and 
cathode c u r r e n t  d e n s i t y  0.3 t o  0.5 mA/cm2. 
been es t imated t h a t  under these c o n d i t i o n s  t h e  i ons  
c a r r y  o n l y  10 pe rcen t  o f  t he  energy d i s s i p a t e d  w h i l e  
t h e  energe t i c  n e u t r a l s  c a r r y  90 pe rcen t  [ 2 ] .  The 
energe t i c  n e u t r a l s  which a r e  generated th rough charge 
t r a n s f e r  c o l l i s i o n s  (where a l a r g e  p a r t  o f  t h e  k i n e t i c  
energy o f  t h e  i ons  a r e  t r a n s f e r r e d  t o  t h e  n e u t r a l  
atoms) c o n s t i t u t e  a very  s i g n i f i c a n t  p r o p o r t i o n  o f  t h e  
energy c a r r i e d .  
may have a d i s t r i b u t i o n  o f  energ ies  f rom thermal 0.2 eV 
up t o  t h e  vo l tage  a p p l i e d  t o  t h e  d ischarge.  I t  has 
been es t imated t h a t  t h e  average energ ies  o f  t h e  ions  
and n e u t r a l s  a r e  o f  t h e  order  o f  100 eV [ 2 ] .  Th is  
glow d ischarge e n e r g i z i n g  d u r i n g  i o n  p l a t i n g  f a v o r a b l y  
mod i f i es  t h e  n u c l e a t i o n  and growth  sequence and the  
c o a t i n g / s u b s t r a t e  adherence. A s  a r e s u l t ,  adherence, 
coherence, d e n s i t y ,  i n t e r n a l  s t resses ,  morphology, and 
d e f e c t s  i n  t h e  coa t ings  can be s i g n i f i c a n t l y  improved, 
which i n  t u r n  f a v o r a b l y  a f f e c t  t h e  l u b r i c a t i n g  
p r o p e r t i e s .  
Adherence and Graded I n t e r f a c e  
I t  has 
The ions  and t h e  a c t i v a t e d  n e u t r a l s  
S t rong adherence between t h e  c o a t i n g  and t h e  sub- 
s t r a t e  i s  o f  paramount importance f o r  any success fu l  
a p p l i c a t i o n .  The i n t e r f a c e  o r  t r a n s i t i o n  f rom t h e  
s u b s t r a t e  m a t e r i a l  t o  the  c o a t i n g  u s u a l l y  forms a break 
i n  t h e  no rma l l y  u n i f o r m  c r y s t a l l i n i t y  and/or composi- 
t i o n .  Th is  ab rup t  d i s p a r i t y  o r  mismatch i s  r e f l e c t e d  
i n  t h e  c o e f f i c i e n t  o f  thermal expansion, thermal con- 
d u c t i v i t y ,  and hardness. The o b j e c t i v e  i s  t o  reduce 
o r  e l i m i n a t e  t h i s  abrup t  d i s p a r i t y  by i n d u c i n g  a graded 
o r  fused i n t e r f a c e  between t h e  c o a t i n g  and t h e  sub- 
s t r a t e .  The process o f  i o n  p l a t i n g  p rov ides  a g radua l  
compos i t ion  or  graded i n t e r f a c e .  Th is  e f f e c t  i s  i l l u s -  
t r a t e d  w i t h  exper imenta l  r e s u l t s  by ana lyz ing  i o n  
p l a t e d  go ld  f i l m s  on n i c k e l  and i r o n  sur faces  by x - r a y  
pho toe lec t ron  spectroscopy (XPS) depth  p r o f i l i n g  as 
shown I n  F igs .  2 (a)  and ( b )  [ 7 . 8 ] .  Compositions o f  
sur face  ( a t  X )  f o r  g o l d  f i l m s  i o n - p l a t e d  on n i c k e l  
I 
and i r o n  were ob ta ined  as f u n c t i o n s  o f  t h e  s p u t t e r i n g  
removal t ime  f rom XPS a n a l y s i s .  The compos i t ion  o f  
g o l d  d i d  n o t  change i n  t h e  f i r s t  20 min o f  s p u t t e r i n g  
and t h e r e a f t e r  g r a d u a l l y  decreased w i t h  i n c r e a s i n g  
s p u t t e r i n g  t ime.  .However, t h e  n i c k e l  and I r o n  con ten t  
inc reased w i th  increased s p u t t e r i n g  t imes.  The graded 
i n t e r f a c e  f o r  g o l d  on n i c k e l  was approx imate ly  6 pm 
t h i c k ;  t h a t  f o r  g o l d  on I r o n  was approx imate ly  1.5 vm 
t h i c k .  The deeper graded i n t e r f a c e  between g o l d  and 
n i c k e l  i s  due t o  t h e  cont inuous  s o l i d  s o l u b i l i t y  
between the  two meta ls .  S ince  g o l d  and i r o n  have very  
l i m i t e d  s o l i d  s o l u b i l i t y  (1.5 a t  x a t  850 " C )  t h e  
i n t e r f a c e  i s  reduced and i s  b a s l c a l l y  produced by 
i m p l a n t a t i o n  and ion-a tomic  m ix ing .  On t h e  o t h e r  hand, 
XPS depth  p r o f i l e s  f o r  g o l d  vacuum depos i ted  on n i c k e l  
and s t e e l  surfaces a r e  shown i n  F ig .  3, where t h e  com- 
p o s i t i o n  o f  g o l d  r a p i d l y  decreased w i t h  i n c r e a s t n g  
s p u t t e r i n g  t lme.  thus  fo rm ing  an ab rup t  i n t e r f a c e .  
The i n t e r f a c e  fo rma t ion  was a l s o  i n v e s t i g a t e d  by 
M ic ro -V icke rs  hardness measurements where i n d e n t a t i o n  
hardness dep th  p r o f i l e s  were e s t a b l i s h e d  f o r  t h e  i o n  
p l a t e d  and vacuum depos i ted  g o l d  f i l m s  on n i c k e l  sub- 
s t r a t e s  and a r e  shown i n  F igs .  4(a) and ( b ) .  The 
microhardness o f  t he  i o n  p l a t e d  g o l d  f i l m ,  graded go ld -  
n i c k e l  i n t e r f a c e  and n i c k e l  s u b s t r a t e  as a f u n c t i o n  o f  
depth  f rom t h e  su r face  i s  shown i n  F i g .  4 ( a ) .  
g o l d  f i l m s  were g r a d u a l l y  removed by argon I o n  s p u t t e r -  
i n g  f o r  microhardness measurements. 
microhardness o f  t h e  g o l d  f i l m  I s  r e l a t i v e l y  low. b u t  
g r a d u a l l y  inc reases  i n  t h e  I n t e r f a c e  r e g i o n  and f i n a l l y  
decreases aga in  as i t  reaches t h e  n i c k e l  subs t ra te .  
The h i g h e r  hardness i n  t h e  i n t e r f a c e  r e g i o n  I s  due t o  
a l l o y i n g  e f f e c t s .  The vapor depos i ted  g o l d  f i l m  on 
n i c k e l  subs t ra tes  shown i n  F i g .  4 (b)  e x h i b i t s  a con- 
s t a n t  hardness. wh ich  i n d i c a t e d  t h e  l a c k  o f  a l l o y i n g .  
The XPS and microhardness depth  p r o f i l e s  e x p e r i -  
m e n t a l l y  v e r i f y  t h e  fo rma t ion  o f  t h e  g o l d  graded-fused 
i n t e r f a c e  which i s  respons ib le  f o r  t h e  e x c e l l e n t  
adherence. The g o l d  graded i n t e r f a c e  n o t  o n l y  p rov ides  
e x c e l l e n t  adherence, b u t  a l s o  induces a su r face  
s t reng then ing  e f f e c t  wh ich  Improves t h e  mechanical  
p r o p e r t i e s  such as y i e l d  s t reng th ,  t e n s i l e  s t reng th ,  
and f a t i g u e  s t r e n g t h  as shown i n  F igs .  5 (a)  and ( b ) .  
The sur face-subsur face  s t reng then ing  may a r i s e  f rom 
s o l i d - s o l u t i o n  a l l o y i n g ,  d i s p e r s i o n  o f  mob i l e  i n t e r -  
s t i t i a l  or s u b s t i t u t i o n a l  atoms wh ich  a c t  as b a r r i e r s  
t o  t h e  egress o f  d i s l o c a t i o n s .  
Nuc lea t i on  and Growth-Morpho1oq.y 
i ons  and atoms t r a n s f e r s  energy, momentum, and charge 
t o  t h e  s u b s t r a t e  and t h e  d e p o s i t i n g  f i l m  sur face .  
Because o f  t h e  low i o n l z a t i o n  e f f i c i e n c y  o f  t h e  
dc-d iode process, go ld  atoms a r e  expected t o  a r r i v e  a t  
t h e  subs t ra te  w i t h  a range o f  energ ies .  
energy g o l d  species a r r i v e  a t  t h e  s u b s t r a t e  w i t h  
energ ies  h i g h  enough t o  cause p a r t i c l e  i m p l a n t a t i o n  
i n t o  the  subs t ra te  where they  l ose  t h e i r  energy, r a t h e r  
than d i f f u s e  over t h e  sur face .  Continuous i o n  bombard 
ment o f  t h e  subs t ra te  d u r i n g  i o n  p l a t i n g  s p u t t e r s  o f f  
t h e  l oose ly  bonded atoms, thus l e a v i n g  a s t a t e  o f  h i g h  
energy imp lan ted  p a r t i c l e s  which a c t  as n u c l e a t i o n  
s i t e s .  I o n  p l a t e d  g o l d  f i l m s  u n l i k e  t h e  conven t iona l  
f i l m s  e x h i b i t  a d i s t i n c t  n u c l e a t i o n  behav io r  as shown 
i n  F igs .  b ( a )  t o  ( c ) .  The n u c l e i  formed d u r i n g  i o n  
p l a t i n g  e x h i b i t  these d l s t i n c t  c h a r a c t e r i s t i c s .  
s i z e  i s  cons ide rab ly  smal le r  (150 A )  and has a h i g h  
n u c l e i  d e n s i t y  w i t h  a u n i f o r m  d i s t r i b u t i o n .  
t i o n  cont inues  t h e  n u c l e i  remain rounded w i t h  o n l y  a 
s l i g h t  i nc rease  i n  s i ze .  l e s s  than 20 pe rcen t ,  w i t h o u t  
t he  t y p i c a l  i s l a n d  coalescence which i s  t y p i c a l  d u r i n g  
conven t iona l  n u c l e a t i o n .  I n  c l a s s i c a l  n u c l e a t i o n ,  
t he re  i s  a decreas ing  tendency f o r  them t o  become com 
p l e t e l y  round a f t e r  coalescence, consequent ly i s l a n d s  
become e longated  and j o i n  t o  fo rm an i r r e g u l a r  network 
The 
I n i t i a l l y .  t h e  
Dur ing  i o n  p l a t i n g  t h e  evaporant f l u x  o f  ene rge t i c  
The h i g h  
The 
A s  depos i -  
2 
s t r u c t u r e .  As d e p o s i t i o n  cont inues  i n  i o n  p l a t i n g .  
t h e  e x i s t i n g  n u c l e i  grow, b u t  f o rma t ion  o f  new n u c l e i  
con t inues  t o  be a major growth mechanism [ 9 ] .  Conse- 
quen t l y ,  con t inuous  f i l m s  a r e  formed I n  t h e  250 A 
t h i ckness  range, w i t h  f i n e  u n i f o r m  g r a i n  s t r u c t u r e ,  
h i g h  pack ing  d e n s i t y ,  and a minimum l a t t i c e  m i s f i t .  
A t y p i c a l  i o n  p l a t e d  g o l d  f i l m  as compared t o  a vapor 
depos i ted  one i s  shown i n  F ig .  7, where a h i g h  degree 
o f  nonun i fo rm i t y  i n  g r a i n  s i z e  and shape i s  obvious 
f o r  t h e  vapor depos i ted  f i l m .  
f i l m  Thickness E f f e c t s  
I n  t h i n  f i l m  l u b r i c a t i o n  t h e  th i ckness  o f  g o l d  
f i l m s  has a very  pronounced e f f e c t  on t h e  c o e f f i c i e n t  
o f  f r j c t l o n  as shown i n  F ig .  8 w i t h  i o n  p l a t e d  Au 
f i l m s .  The e f f e c t i v e  o r  minimum f i l m  th i ckness  f o r  
g o l d  f i l m s  was about 2000 t o  3000 A w i t h  t h e  minimum 
c o e f f i c i e n t  o f  f r i c t i o n  o f  0.1 [ lo ] .  
Based on t h e  c o e f f i c i e n t  o f  f r i c t i o n ,  t h e  v a r i a -  
t i o n  o f  f i l m  th i ckness  can be d i v i d e d  i n t o  two reg ions  
as shown i n  F i g .  9. The u l t r a  t h i n  and t h e  t h i n  f i l m  
r e g i o n  w i t h  an e f f e c t i v e  o r  c r i t i c a l  f i l m  th i ckness  a t  
which t h e  f r i c t i o n  c o e f f i c i e n t  reaches a minimum value. 
F i l m  t h i ckness  lower than t h a t  o f  minimum f r i c t i o n  d i d  
n o t  p rov ide  f u l l  su r face  coverage, and some s t e e l  t o  
s t e e l  con tac t  occurs .  I f  f i l m  th i ckness  i s  h i g h e r  
than t h e  minimum f r i c t i o n ,  an I n c r e a s i n g  p r o p o r t i o n  o f  
t h e  l oad  c a p a c i t y  was c a r r i e d  by t h e  m e t a l l i c  f i l m ,  
thus  p r o g r e s s i v e l y  reduc ing  t h e  e f f e c t  o f  t h e  hard  
subs t ra te .  By reduc ing  t h e  th i ckness ,  t h e  j u n c t i o n  
shear ing  s t r e n g t h  i s  determined by t h e  s o f t  m e t a l l i c  
f i l m ,  w h i l e  t h e  con tac t  su r face  and t h e  y i e l d  p o i n t  
a r e  determined by t h e  p r o p e r t i e s  o f  t h e  suppor t  mate- 
r i a l .  The r e l a t i o n s h i p  between t h e  c r i t i c a l  f i l m  
th i ckness  and t h e  minimum f r i c t i o n  c o e f f i c i e n t  i s  
a f f e c t e d  by t h e  su r face  roughness and t h e  d e p o s l t i o n  
techn ique se lec ted .  W i th  rough sur faces  t h e  f r i c t i o n  
c o e f f i c i e n t  inc reases  con t inuous ly  as t h e  f i l m  t h i c k -  
ness inc reases  w i t h o u t  go ing  th rough a minimum [11,12]. 
I n t e r n a l  S t resses  
The t o t a l  I n t e r n a l  s t r e s s  i s  composed o f  t h e  thermal  
s t r e s s  a t  and i n t r i n s i c  s t r e s s  61, where utot = 
ut + a i .  The thermal s t r e s s  i s  due t o  t h e  d i f f e r e n c e s  
i n  t h e  thermal expansion c o e f f i c i e n t  o f  t h e  c o a t i n g  and 
t h e  s u b s t r a t e  m a t e r i a l .  I n t r i n s i c  s t r e s s  i s  due t o  
t h e  accumula t ing  e f f e c t s  o f  c r y s t a l l o g r a p h i c  d e f e c t s  
o r  f l ows  formed i n t o  t h e  c o a t i n g  d u r i n g  d e p o s i t i o n .  
Usua l l y ,  t he  i n t r i n s i c  s t resses  i n  t h e  f i l m  a r e  t h e  
dominant p a r t  o f  t h e  t o t a l  s t r e s s  s i n c e  they  a r e  
m i c r o s t r u c t u r e - s e n s i t i v e .  Dur ing  i o n  p l a t i n g  t h e  
presence o f  gas d ischarge and p r i m a r i l y  t h e  h i g h  energy 
o f  t h e  l n c i d e n t  atoms and Ions  inc reases  t h e  s u b s t r a t e  
temperature and favo rs  t h e  d e n s i f i c a t i o n  o f  t h e  m ic ro -  
s t r u c t u r e .  As a r e s u l t  g o l d  i o n  p l a t e d  f i l m s  g e n e r a l l y  
show l i t t l e  o r  no i n t e r n a l  s t resses  (app rox ima te l y  
5x107 dyn/cm2). 
I t  should be a l s o  p o i n t e d  ou t ,  t h a t  i o n  p l a t e d  
f i l m s  i n  c o n t r a s t  t o  evaporated ones g e n e r a l l y  show 
compressive s t resses  i n s t e a d  o f  t e n s i l e .  This should 
n o t  be s u r p r i s i n g ,  c o n s i d e r i n g  t h e i r  dense 
m i c r o s t r u c t u r e .  
F r i c t i o n a l - C h a r a c t e r i s t i c s  
I o n  p l a t e d  g o l d  f i l m s  because o f  t h e i r  e x c e l l e n t  
adherence and dense f i l m  m i c r o s t r u c t u r e  have found 
ex tens i ve  uses i n  spaceborn bear ings  o f  s a t e l l i t e  
mechanisms. l y p i c a l  f r i c t i o n  curves f o r  i o n  p l a t e d  
and vapor depos i ted  g o l d  f i l m s  2000 A t h i c k  as d e t e r  
mined i n  a p i n  and d i s k  t r i b o t e s t e r  under vacuum con 
d i t i o n s  a r e  shown i n  F i g .  10. The i o n  p l a t e d  Au f i l m s  
had th ree  d i s t i n c t  improvements over  t h e  vapor depos- 
i t e d  ones: ( 1 )  inc reased endurance l i f e ,  ( 2 )  lower 
c o e f f l c l e n t  o f  f r l c t l o n  and ( 3 )  avoldance o f  ca ta-  
strophic f a l l u r e .  The reasons f o r  t h e  Increased 
endurance l l f e  a r e  a t t r l b u t e d  t o  t h e  super io r  adher- 
ence. t h e  lower c o e f f i c i e n t  o f  f r l c t l o n  due t o  t h e  
dense, cohes lve  smal l  c r y s t a l l i n e  s i z e  and t h e  optlmum 
f i l m  th lckness .  and t h e  gradua l  i nc rease  l n  t h e  coe f -  
f l c l e n t  o f  f r l c t l o n  a f t e r  t h e  f f l m  has been worn o f f  
t o  t h e  fo rma t lon  o f  t h e  graded l n t e r f a c e .  The graded 
g o l d  i n t e r f a c e  formed d u r i n g  ton  p l a t l n g  I s  o f  dua l  
importance I n  go ld  f l l m  l u b r l c a t l o n .  s ince  a graded 
l n t e r f a c e  which I s  generated I s  respons lb le  f o r  t h e  
e x c e l l e n t  adherence and p r e v e n t l o n  o f  unexpected 
s e l z u r e  a t  t r l b o c o n t a c t s .  
Conclusions 
Dur ing  t o n  p l a t i n g  t h e  glow d lscharge e n e r g l z l n g  
f a v o r a b l y  m o d l f l e s  and c o n t r o l s  t h e  coa t lng /subs t ra te  
adherence and t h e  n u c l e a t i o n  and growth sequence. The 
graded ' in te r face  formed n o t  o n l y  guarantees an exce l -  
l e n t  adherence, b u t  a l s o  induces a su r face  s t rengthen-  
l n g  e f f e c t  whlch improves t h e  mechanical  p r o p e r t i e s .  
The l o n  p l a t e d  g o l d  f l l m s  0.2 pm t h i c k  e x h i b i t  a d l s -  
t l n c t .  improved f i l m  s t r u c t u r e  w l t h  an equlaxed. smal l  
g r a i n  s i z e  whlch i s  respons lb le  f o r  t h e  h l g h  pack lng  
d e n s l t y  and a minimum amount o f  l a t t i c e  m l s f l t .  As a 
r e s u l t ,  con t lnuous .  u n l f o r m  f l l m s  a r e  ob ta ined  a t  lower 
nominal  th lcknesses  whlch f a v o r a b l y  a f f e c t s  t h e  coef -  
f l c l e n t  o f  f r l c t l o n .  The s t r o n g  adherence w l t h  t h e  
graded l n t e r f a c e  and t h e  dense m i c r o s t r u c t u r e  improves 
t h e  t r l b o l o g l c a l  performance o f  s l l d l n g  o r  r o t a t l n g  
sur faces  I n  terms o f  a lower c o e f f i c i e n t  o f  f r i c t i o n ,  
lower wear, Inc reased endurance l l v e s  and avoldance o f  
c a t a s t r o p h i c  f a l l u r e  a f t e r  l u b r l c a t l n g  f l l m  d e p l e t l o n .  
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(b) Ion plat ing chamber. 
F igure  1, - Ion  plat ing system. 
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1. 
(a) Nickel substrate. 
SPUTTER IN G TIME, h r 
(b) I r o n  substrate. 
Figure 2 - Elemental depth profiles for gold ion plated on 
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Figure 4. - Hardness depth profiles for gold ion plated 
and vapor deposited on nickel substrate. Hardness 
measuring load, 0.1 N. 
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Figure 6. - Concluded. 
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(a) ION PLATED GOLD. 
(b) VAPOR DEPOSITED GOLD. 
Figure 7. - TEM micrograph of t h e  crystal  s t r u c t u r e  of a gold f i lm. 
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Figure 9. - Schematic representation of the effect of f i lm thick- 
ness on the fr ict ion coefficient of low shear strength metallic 
f i lms on steel. 
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Figure 10. - Comparison of coefficient of f r ic t ion of ion plated and vapor 
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deposited gold f i lm on 44OC steel. 
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